In skeletal muscle myosin, the reactive thiols (SH1 and SH2) are close to a proposed fulcrum region that is thought to undergo a large conformational change. The reactive thiol region is thought to transmit the conformational changes induced by the actin-myosin-ATP interactions to the lever arm, which amplifies the power stroke. In skeletal muscle myosin, SH1 and SH2 can be chemically cross-linked in the presence of nucleotide, trapping the nucleotide in its pocket. Although the f lexibility of the reactive thiol region has been well studied in skeletal muscle myosin, crystal structures of truncated nonmuscle myosin II from Dictyostelium in the presence of various ATP analogs do not show changes at the reactive thiol region that would be consistent with the SH1-SH2 cross-linking observed for muscle myosin. To examine the dynamics of the reactive thiol region in Dictyostelium myosin II, we have examined a modified myosin II that has cysteines at the muscle myosin SH1 and SH2 positions. This myosin is specifically cross-linked at SH1-SH2 by a chemical cross-linker in the presence of ADP, but not in its absence. Furthermore, the cross-linked species traps the nucleotide, as in the case of muscle myosin. Thus, the Dictyostelium myosin II shares the same dynamic behavior in the fulcrum region of the molecule as the skeletal muscle myosin. This result emphasizes the importance of nucleotide-dependent changes in this part of the molecule.
Myosin II is a hexamer consisting of two identical heavy chains and two pairs of essential and regulatory light chains. The head, or subfragment 1 (S1), consists of an N-terminal catalytic domain and a C-terminal ␣-helix around which two light chains wrap. S1 is conventionally divided into three domain segments, amino-terminal 25-kDa, central 50-kDa, and carboxylterminal 20-kDa segments. The S1 domain, which gives rise to the crossbridges that connect the thick and thin filaments in muscle, is the motor domain of myosin. It moves actin filaments and generates force in vitro in the presence of ATP (1) .
The swinging lever arm hypothesis assumes that a swinging motion of the light chain binding domain (neck) relative to the catalytic domain of S1 generates movement. High-resolution x-ray crystal structures (2) (3) (4) , as well as other biophysical studies (5, 6) of the head domain, provide a structural basis for this model. It is proposed that a series of conformational changes, induced by movement of the lower domain of the 50-kDa segment, are transmitted by means of the fulcrum to the neck to generate a swing. This pathway is suggested to be fundamental to the conversion of chemical energy into directed movement (3) . Such multiconformational changes have been proposed to be initiated from either the movement between the two 50-kDa domains (3, 4) or between the lower 50-kDa and the reactive thiol region (see below) of the 20-kDa domain (7) . The fulcrum has been suggested to be in the vicinity of (5) or right at (6) the so-called reactive thiol region, which is located at the 20-kDa segment and contains two reactive cysteines (SH1 and SH2) in skeletal muscle myosin. The reactive thiol region has been thought to be a critical part of this pathway because it appears to undergo a large conformational change upon binding of ATP. Based on chemical cross-linking studies on skeletal muscle myosin, SH1 and SH2 move from farther than 18 Å apart to as close as 3 Å when ATP or ADP is present. In the absence of nucleotides, SH1 and SH2 cannot be cross-linked (8, 9) .
Although the flexibility of the reactive thiol region in the presence of nucleotides has been well studied in muscle myosin, little is known about the flexibility of this region in other myosins. Recently, Dictyostelium has become widely used for myosin structure-function studies. A series of crystal structures of truncated Dictyostelium myosin II in the presence of various ATP analogs have been solved, but they do not show changes at the reactive thiol region that can account for the SH1-SH2 cross-linking in muscle myosin (3, 4) . Because crystallographic studies provide static and not dynamic information, we wished to test whether the reactive thiol region in Dictyostelium myosin II showed the same flexibility as its skeletal counterpart, using a chemical cross-linking approach. To reduce the complication due to nonspecific cross-linking from other cysteines existing in the myosin head domain, we used a plasmid containing a myosin II gene from Dictyostelium in which five cysteines in the head were replaced with other residues (10) . Cysteines corresponding to the desired position were then engineered into this ''cysteine-light'' species. Protein expressed from these plasmids was subjected to chemical cross-linking reactions.
MATERIALS AND METHODS
Plasmid Construction. A cysteine-light myosin II expression plasmid (10), pCL, was generated from pTIKL-Myo (a Bluescript vector containing a wild-type Dictyostelium mhcA gene driven by an actin-15 promoter and a neomycin gene for G418 selection; X. Liu, K. Ito, S. Morimoto, A. Hikkoshi-Iwane, T. Yanagida & T. Q. P. Uyeda, personal communication) by overlapping-extension PCR mutagenesis (11) . The wild-type myosin does not have a cysteine corresponding to the SH1 reactive thiol in the chicken counterpart. Myosin expressed from pCL contains the following five mutations: C312Y, C442S, C470I, C599L, and C678Y. Plasmids pCLSH1͞SH2 and pCLSH1 were constructed as follows. One-kilobase mhcA gene fragments (corresponding to residues 476-830) containing mutations corresponding to Y678CϩT688C (for pCLSH1͞ SH2) or T688C alone (for pCLSH1) were obtained by overlapping-extension PCR mutagenesis using pCL as a template. Purified 0.65-kb BglII͞NcoI fragments from the 1-kb PCR The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact.
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product were then ligated back to pCL. The presence of the mutations was verified by DNA sequencing. Growth of Dictyostelium Cells. Dictyostelium discoideum cells were grown in HL-5 medium as described (12) . Plasmids were electroporated into HS1, a myosin II null strain derived from JH10 (12) . Transformants were selected and grown in the presence of 5 g͞ml G418.
Protein Purification and ATPase Assay. Myosin II proteins were purified from Dictyostelium cells as described (13) . The purified myosin was treated with myosin light-chain kinase A (14) . Usually a Bio-Gel A15 (Bio-Rad) gel filtration column was used to further purify the myosin (15) . The concentration of the purified myosin II was determined by the Bradford method with rabbit skeletal muscle myosin as the standard (16) . Actin was purified from chicken skeletal muscle according to the method of Pardee and Spudich (17) . The concentration of actin was determined by absorbance at 290 nm by using the extinction coefficient of 0.62 (mg͞ml) Ϫ1 ⅐cm Ϫ1 (13) . The molecular masses of actin and myosin II were 42 and 500 kDa, respectively. ATPase assays were performed as described (12) . Typical protein concentrations were 0.1 mg͞ml (0.2 M) myosin with 0.8 mg͞ml (19 M) actin in a volume of 50 l.
Chemical Cross-Linking. Cross-linking of myosins was performed as described (9) . Myosin was allowed to react with N,NЈ-p-phenylenedimaleimide (pPDM), the cross-linking reagent, for 1 hr at 0°C in the presence of ADP (1 mM) or ATP-coated agarose beads [Sigma; ATP molecules were attached at ribose hydroxyls by way of an 11-atom spacer (adipic acid dihydrazide) to the agarose beads]. Typically, 3-5 l of the bead solution was used in each reaction. The reaction was quenched by adding DTT to a final concentration of 1 mM. Typical myosin concentrations were 4-8 M in a volume of 50-100 l. The typical molar ratio of pPDM to myosin was 2.3.
RESULTS
Creation of pCLSH1͞SH2 and pCLSH1. The plasmids used in this paper are as follows. pCL is the plasmid expressing cysteine-light myosin II (see Materials and Methods). Derived from pCL, pCLSH1 expresses myosin II with a cysteine at the position corresponding to SH1 in skeletal muscle myosin, and pCLSH1͞SH2 expresses myosin II with cysteines at both positions corresponding to SH1 and SH2. pTIKL-Myo, serving as a control, contains a wild-type myosin II heavy chain gene. Note that wild-type Dictyostelium myosin II does not have a cysteine at the SH1 position, but does at the SH2 position. Myosin II expressed from pCLSH1͞SH2 was denoted as CLSH1͞SH2, and the same denotation was applied to the rest of the proteins.
To test whether the pCL-derived myosins have defects in vivo, the pCL-derived myosin II constructs as well as pTIKLMyo (wild-type construct) were transformed into myosin-null cells and the myosin expression levels were estimated by immunoblot (Fig. 1) . The levels of expression and the yields after purification were similar in all cases. All the transformants grew in suspension with a doubling time of 16-20 hr (Fig. 2) . Cells complemented with pTIKL-Myo and with pCL-derived constructs developed normally and formed sorocarps within 3-4 days at 22°C (Fig. 3) . The morphologies of the fruiting bodies from pTIKL-Myo, pCLSH1, and pCLSH1͞ 
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Proc. Natl. Acad. Sci. USA 95 (1998) 12845 SH2 cells were basically indistinguishable. pCL cells had a higher population of smaller, slightly deformed sorocarps than the other transformants. All of the pCL-derived myosins were stable through the course of purification. No aggregation was observed, and the purified proteins had ATPase activities that were similar to the normal cysteine-containing myosin (Fig. 4) . Chemical Cross-Linking. When skeletal muscle myosin SH1 and SH2 are chemically cross-linked with pPDM in the presence of ADP, there is a complete loss of ATPase activity, and the nucleotide is trapped in the active site (8, 9) . We used the same technique to verify the extent of cross-linking using our Dictyostelium proteins (Fig. 4) .
All myosins hydrolyzed ATP at a similar rate without chemical modification. The actin-activated ATPase activities for the nontreated wild-type myosins, CL, CLSH1, and CLSH1͞SH2 were all about 0.12 mol͞min per mg (0.5 s Ϫ1 per head). Incubation of these proteins with pPDM in the presence of ADP at 0°C for 1 hr resulted in little change of the ATPase activity for the wild-type myosins CL and CLSH1. However, for CLSH1͞SH2, the ATPase activity was inhibited by 85%.
To test whether the activity reduction of CLSH1͞SH2 was simply due to the presence of cross-linking reagents, reactions were performed under the same conditions in the absence of ADP. The ATPase activity of CLSH1͞SH2 was not inhibited under these conditions (Fig. 2) . For the wild-type myosin, we also performed the cross-linking reactions in the presence of ADP and a 10-to 15-fold excess of pPDM to ensure modification at the SH2 position. The hydrolysis activity remained normal, with a value of 0.12 Ϯ 0.01 mol͞min per mg (not shown).
For some experiments, cross-linking reactions were performed in the presence of ATP-coated beads. The reactions were then quenched, the beads were sedimented by centrifugation, and the supernatant was subjected to gel electrophoresis. For CL and CLSH1, most of the myosin remained in the supernatant after treatment with pPDM (Fig. 5) . However, the majority of the CLSH1͞SH2 sedimented with the beads. Trapped myosin on the beads was detected by gel electro- 12846 Biochemistry: Liang and Spudich Proc. Natl. Acad. Sci. USA 95 (1998) phoresis after denaturing the myosin-bead pellets (data not shown).
DISCUSSION
With 1.3-fold molar excess of pPDM over chicken skeletal S1 protein, approximately 3-5% of the wild-type ATPase activity was reported after chemical cross-linking (8, 9) . For pPDM inhibition of Dictyostelium myosin, typical residual ATPase activity was around 15%. This difference in residual activity could be explained by differences in protein structure, given that there is only 45% conservation in amino acid sequence between skeletal and Dictyostelium myosin (18) . On the other hand, this difference may also arise from 15% of the Dictyostelium myosin molecules failing to cross-link because of the formation of undesired higher oxidation products of cysteine (19) . The results from the ATPase activities from the four myosins treated with pPDM and ADP show that both SH1 and SH2 are required for successful inhibition of ATPase activity, and hence confirm that SH1 and SH2 are indeed cross-linked after the reaction is performed in the presence of ADP but not in its absence. The results from the ATP-coated beads further confirm that nucleotides are trapped in the active site because of thiol cross-linking. The two reactive thiols are thought to be located in a flexible fulcrum point in the catalytic domain because they can be cross-linked in the presence of nucleotide. However, the three-dimensional structures of chicken S1 crystallized without nucleotide show that these two cysteines are separated by an ␣-helix and are approximately 18 Å apart. Surprisingly, the helix separating the two reactive thiols is still present in the structure of Dictyostelium myosin that contains nucleotide analogs. The presence of an intact helix between these two reactive thiols does not appear to allow close proximity for successful cross-linking. It has been suggested that the light chain binding domain is required to see the expected conformational change at the fulcrum point (3, 4) . This is not likely because Dictyostelium myosin completely lacking the binding domain for both light chains is still a functional motor, i.e., able to move actin filaments and hydrolyze ATP in vitro (7) . We think it is more likely that the static crystal structure represents one conformation that is preferably trapped by the crystallization process. Because the expected conformational change at the thiol fulcrum point has not been observed by x-ray crystallography, we have used dynamic chemical cross-linking as an alternative means to probe this domain movement in Dictyostelium myosin. Our results show that SH1 and SH2 in full-length Dictyostelium myosin can be indeed cross-linked in a nucleotide-dependent manner, suggesting an important role for dynamic behavior of the reactive thiol region during the ATPase cycle.
